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(54) Arrangement for determining an opening pressure for a lung system 

(57) An arrangement for determining an opening 
pressure of a lung is disclosed. The arrangement com- 
prises a regulating unit which can deliver inspiration 
pulses to a patient's lung system, a blood gas analyser 
for measuring the partial pressure of oxygen (PqO^ and 
a control unit for determining an opening pressure 
based on the measured P a 0 2 . When the measured 
P a 0 2 exceeds a predetermined threshold, the lung have 
opened sufficiently and a pressure value is correlated to 
the measured P a 0 2 and defined as the opening pres- 
sure, s^k-^y 
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Description 



The present invention relates to an arrangement for 
determining an opening pressure for a lung system, 
said arrangement comprising a regulating unit for deliv- 
ering at least one predetermined inspiration pulse to the 

lung system. . 

In a healthy lung, air passes during inspiration 
through the airways and bronchi to the alveoli in the 
lungs. An exchange of gas occurs in the alveoli, 
whereby blood is oxygenated and carbon dioxide is 
simultaneously transferred to air in the alveoli. Gas fur- 
nished with carbon dioxide is extracted from the alveoli 
during expiration, permitting the entry of fresh air during 
the following inspiration. Since a healthy lung has a 
large compliance, i.e. a high flexibility, a relatively large 
volume of air can be inhaled for every breath without 
excessive increases in the pressure of air in the lungs. 

As a result of injuries or disease, the function of the 
lung can be affected to such a degree thai a life threat- 
ening condition could develop. For example the alveoli 
might collapse, thereby impairing or, worse, preventing 
the essential exchange of gas between air in the alveoli 
and blood in the minute capillaries of the lungs. The 
lungs can also have atelectatic regions which reduce 
the compliance so much that an insufficient volume of 
air is inhaled in each breath. Connection of the dam- 
aged lung to a ventilator/respirator may then be neces- 
sary to keep a patient alive until the damaged lung has 
healed. A ventilator/respirator can deliver a respiratory 
gas to the lungs with a pressure high enough to open up 
the collapsed alveoli in order to provide a sufficient gas 
exchange. THe necessity of a high pressure follows the 
LaPlace Law, P = 2 Y /r , where P is pressure, y is sur- 
face tension and r is radius. A collapsed alveolus lias a 
very small radius, whereas an open alveoli has a (rela- 
tively) large radius, thereby requiring a lower pressure 
to remain open or to be further inflated. In a healthy 
lung the alveoli have a layer of natural surfactant The 
natural surfactant has the ability of varying Hs surface 
tension, thereby facilitating for the healthy lung to keep 
even the minute alveoli open at fairly low pressures. In a 
sick condition, such as ARDS (Acute Respiratory Dis- 
tress Syndrome), however, the alveoli may be depleted 
of surfactant, resulting in a constant high air-tissue sur- 
face tension in the alveoli. This, of course, makes it even 
more difficult to open up the collapsed alveoli. 

The importance of opening up the lungs and keep- 
ing it open is further described in an article entitled 
"Open up the lung and keep the lung open" by B Lach- 
mann, Intensive Care Medicine (1992) 18:319-321. Air 
at a relatively high pressure must be supplied to the 
lungs in order to force the alveoli to open, whereas a 
much lower pressure is required to keep the alveoli 
open, once they have been opened properly. At the 
same time, the risk of lung trauma in forced respiration 
increases at higher pressures (barotrauma) and/or 
larger volumes of respiratory gas (volume trauma), 
especially if lung compliance is simultaneously poor. 



Another risk connected with excessive pressures is, that 
the capillaries can be damaged through sheer forces 
developing within the lung or be compressed so that the 
blood cannot flow through the capillaries (overdisten- 
5 sion). thereby also preventing a gas exchange. In the 
article it is also noted that a sufficient partial pressure of 
oxygen P a 0 2 in the blood is a sign of the efficiency of 
gas exchange in the alveoli, i.e. a measure of to which 
degree the lungs are open. 
10 In SE-C2-501 560 a ventilator/respirator is 
described which can determine an opening pressure of 
a lung based on the relation between measured pres- 
sure values and volume values of a respiratory gas sup- 
plied to a patient. Basically the ventilator delivers a 
is constant flow of respiratory gas during inspiration and 
the resulting pressure on the lung is measured and the 
volume of respiratory gas entering the lung is calcu- 
lated. As long as the alveoli are collapsed the pressure 
will increase rapidly whereas the volume only increases 
20 slowly. As the alveoli open up. the volume entering the 
lungs will increase more rapidly in relation to the pres- 
sure. The opening pressure is then determined by iden- 
tifying the point of inflection where the increase in 
volume becomes more rapid. 
25 Although this determining procedure provides an 
opening pressure which can be used for determining 
the further treatment of the patient, rt lacks somewhat of 
sensitivity for determining an optimal opening pressure. 
For instance, there may be further inflection points in 
30 the P-V-diagram, which inflection points are not immedi- 
ately identifiable as such. Further it does not guarantee 
that all collapsed alveoli have been opened properly. 

It is an object of the present invention to obtain an 
arrangement according to the preamble which can 
35 determine an opening pressure at which at least a suffi- 
cient part of the lungs are open. 

Such an arrangement is obtained in accordance 
with the invention in that the arrangement comprises a 
blood gas analyser connected to a blood system related 
40 to the lung system for measuring the partial pressure of 
oxygen (PaOg) and a control unit connected to the blood 
gas analyser for determining the opening pressure 
based on the measured P a 0 2 . 

For the first time, it has been recognised that the 
45 measured P a O z in itself can be used in relation to deter- 
mining the opening pressure for the lung system and as 
an indicator that the lungs are open and not only that the 
patient receives a sufficient amount of oxygen. This pro- 
vides the advantage, that the opening pressure can be 
so determined as the actual pressure where at least a suf- 
ficient number of alveoli are forced open. 

Advantageous improvements and embodiments 
are disclosed in the dependent claims. 

In one embodiment of the invention every nth inspi- 
55 ration pulse has an increased PIP. n being an integer 
equal to or larger than 1 and PIP being the peak inspir- 
atory pressure. The inspiration pressure pulses are 
preferably square-shaped for providing an optimal effi- 
cient length of the inspiration period, i.e. the lungs are 
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exposed to the peak pressure, PIP, during the entire 
inspiration period. Before increasing the PIP. the P a 0 2 is 
measured. The control unit then determines the open- 
ing pressure as the first applied PIP at which the meas- 
ured P a 0 2 exceeds a predetermined threshold. The 
inspiration period in this embodiment may be about 9 
seconds. 

It is of course possible to utilize a reversed 
sequence, i.e. a decrease in the PIP for every n.1h inspi- 
ration pulse. When the PIP is insufficient for opening up 
the lung sufficiently, the PIP of the preceding inspiration 
pulse is defined as the opening pressure. It should be 
noted that the applied pressures normally are sufficient 
for providing a life-sustaining supply of oxygen to the 
patient even during the determining of the opening pres- 
sure. The purpose of the procedure is to find an optimal 
opening pressure, which is used for determining the fur- 
ther treatment of the patient. 

In a second embodiment of the invention a combi- 
nation of the above sequences is utilized. First the PIP 
is increased every nrth inspiration pulse, until an open- 
ing pressure is determined. Then the PIP is decreased 
every m:th inspiration, m being an integer equal to or 
greater than 1. The decreasing sequence continues 
until the measured P a 0 2 falls below the threshold. The 
preceding applied pressure is then the lowest opening 
pressure, or closing pressure, for an opened up lung. In 
order to open up the lung again, the first opening pres- 
sure must be applied again. 

In a third embodiment a different inspiration pulse is 
utilized. Instead of controlling the pressure, the flow is 
controlled and a pressure gauge is applied for measur- 
ing the pressure. This is similar to what is disclosed in 
the above identified patent SE-C2-501 560, where a 
pressure-volume relation was used for determining the 
opening pressure. Such a relation can also be used in 
relation with this embodiment, where the measured 
P a 0 2 is used as the main prerequisite for determining 
when the lungs have opened up sufficiently. The P a 0 2 
condition can be related to the determination of the 
opening pressure based on the pressure-volume rela- 
tion. 

If the patient is disconnected or if the condition of 
the lung changes (in particular deteriorates), the proce- 
dure of determining the opening pressure should be 
repeated. Spontaneous breathing of the patient can be 
allowed and supported if required during the determin- 
ing procedure. 

In the following an embodiment of the invention will 
be described in further detail, wherein 

FIG. 1 schematically shows an arrangement 

according to the invention, 

FIG. 2 shows a first inspiration pulse sequence 

which can be utilized for determining the opening 

pressure, 

FIG. 3 shows a second inspiration pulse sequence 
which can be utilized for determining the opening 
pressure, 



FIG. 4 shows the determining procedure in a dia- 
gram , and 

FIG. 5 shows a pressure-volume diagram which 
can be utilized for determining the opening pres- 
5 sure. 

The principal elements of the arrangement are 
schematically shown in FIG. 1. It should be noted that 
the functional blocks do not necessarily represent sepa- 

10 rate physical apparatus. A functional block may consist 
of several apparatus and some of the functional blocks 
may be incorporated in one apparatus. A regulating unit 
2 is connected to a patient 4 via a gas delivery system 
6. The regulating unit 2 can deliver a respiratory gas to 

15 the patient 4 and remove exhaled gas from the patient. 
The regulating unit 2 could basically be a modified ven- 
tilator/respirator of a known construction, such as Servo 
Ventilator 300, Siemens-Elema AB, Sweden. A blood 
gas analyser 8 is connected to the patient's 4 blood sys- 

20 tern for measuring blood gases, in particular the partial 
pressure of oxygen (PaO^ in the patient 4. Blood gas 
analysers suitable for this kind of analysis are described 
in US-A-4,841,974 and US-A-5,225.063. 

The interconnection between the blood gas ana- 

25 lyser 8 and the patient's 4 blood system can be made in 
several ways. For instance, a blood sample could be 
extracted from the blood system and analysed in an 
apparatus outside the patient, or a probe could be 
inserted into the patient's blood system for in vivi meas- 

30 urement of the blood gas. Also, measurements can be 
made at varying time intervals. The importance of 
measuring blood gases is the utilization of P a 0 2 as an 
important parameter in the determining of an opening 
pressure for the patient's 4 lungs. 

35 The blood gas analyser 8 is connected to a control 
unit 10, which performs the determination of the open- 
ing pressure based on inter alia measured P a 0 2 . The 
control unit 10 is also connected to the regulating unit 2 
via a signal line 12. The regulating unit 2 and the control 

40 unit 10 can exchange information between each other 
via the signal line 12. For example, the control unit 10 
can send information to the regulating unit when an 
opening pressure has been determined. 

The arrangement also includes a measuring unit 14 

45 which may be utilized for increasing the accuracy of the 
determining of the opening pressure. The measuring 
unit 14 is connected to the gas delivery system 6 and 
comprises a pressure gauge 16 and a volume meter 18, 
both connected to the control unit 10. The volume meter 

so 18 is basically a flow meter and an integrator for inte- 
grating the measured flow. 

The utilization of the described arrangement will be 
described below in connection with the other figures. 
The importance of opening the lung and keep the 

55 lung open has already been discussed above. A par- 
tially or completely collapsed lung will require a certain 
pressure to force the collapsed part open. It should 
however be noted that an opening pressure is not only a 
function of a peak pressure on the lungs, but is also 
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affected by intrinsic and external PEEP (positive .end 
Story pressure). Intrinsic PEEP can be created by 
Sng inspiration and expiration times ,n a certain 
relaton to wch other or by choosing a brewing rate 
^prevents the pressure in the lung to fajldownto s 
^osoheric pressure at the end of expiration. The 
SSpEEP^isaeated by dosing a va^ preverrting 
2? from being exhaled, during the end of expiration 
further, it should also be noted that a certain amount of 
ttmTSn be required before the lungs remam open dur- ,0 
ng normal vertilation, i.e. the opening procedure usu- 
2 Quires more than a few breaths. In fact it may 
SuTmirfutes before the lung adapts fully to the new 
ventilatory conditions. ... or 15 

Intoepreserrtapplicationtoe^^ 
tial pressure of oxygeninthe blood system of *epabent 
tor determining the opening pressure 
There are several ways which the can uti 

lize P a 0 2 in this way and some of toese shall be 
described in more detail with referral to FIGS. 2-5. 
d F,a 2 shows a sequence of inspiration pulses ,20 A- 
20F which the anangement in FIG. 1 can deliver to £e 
patient for determining the opening 
to the figure the first inspiration "^V 25 

shaped and has a start pressure on PEEP level ana a 
P S pressure of PIP, (peek inspiratory pressure^ 
PEEP pressure is related to atmosphenc pressure and 
is normally an overpressure, but it can also be zeroO* 
lualT atmospheric pressure) or negative (in wh ch 

opening pressure, however. PEEP pressure .s always 
hToher than or equal to zero. The PIP is the peak pres- 
ume duTng ^ration and should normajynct exceed 
60 cmH 2 0. PIP may be between about 30^^H 2 O 

when determining the opening pressure in th.s manner 35 
The first inspiration pulse 20A has in th.s case a PIP 
whteh is in toe lower region of this interva,. The f.^ 
inspiration pulse 20A is then repeated « «j£ 
times The following inspiration pulses 20B-20F have 
rLng peak pressures PIP 2 -PIP 6 - The .ncrease 40 
'^instance. be 4 cmH 2 0 ^ery n*. na- 
tion pulse, n being the repetition number for each iinsp, 
rSon pulse 20A-20F. With a PIP1 of 40 cmH 2 0 1 tor Je 
f irst miration pulse 20A the sixth .nsp.rat.on pulse 20F ^ 

will have a PIP 6 of 60 cmHzO. H rfh*ad 
When the inspiration pulses 20A-20F are ddwered 
to the patient, the P a O a in the Wood is measure by the 
Wood gas analyser 8. Since each .nsp.rat.on pulse 20A 
oof is reoeated there is time for improvements in the 
gas Sein^e alveoli to affect the P O z in the . 
Wood. If the first inspiration pulse 20A results in suffi- 
cient opening of the lung, the P a 0 2 will exceed a p ed e- 
termined threshold, for example 350 mmHg. H not the 
Sq^eof inspiration pulses 20B-20F then continues 
unfl the peak pressure eventually becomes so Wgfn 55 
thatthe lungs open up sufficiently. For exarr^le assume 
that the fourth inspiration pulse 20D is sufficient for 
opening up the lungs suff iciently. The measured I P a 0 2 
will then exceed the threshold of 350 mmHg. The peak 



pressure. PIP4 of the fourth inspiration putee 20D is 
then determined as the opening pressure for the lung. 
i.e. the opening pressure is 48 cmH z O. 

In FIG 3 a reversed sequence of inspiration pulses 
22A-22F is shown. The first inspiration pulse 22A can 
have a PIP1 of 55 or 60 cmHA i.e. high enough to 
open up the lungs in most cases The first inspiration 
pulse 22A is repeated one or several times to allow for 
toe P a 0 2 -measurement to take place. If the measured 
exceeds the threshold, the second inspiration pulse 22B 
is applied for a number of consecutive *me& The sec- 
ond inspiration pulse 22B has a PIP 2 wruch 1S lower 
than PIP,. As long as the measured P a 0 2 «ceeds toe 
threshold, the sequence of !^ S ™J**JZ 
continues When an inspiration pulse * mrf taerrt for 
keeping the lungs open (measured P a O z fan below ^ toe 
threshold), the preceding PIP is determined astoe low- 
est opening pressure for the open lung. To reopen the 
lungs, one of the f irst inspiration pulses in the sequence 
must be applied again. „ . . 

H thefirst inspiration pulse 22A is insufficient, 
another sequence of inspiration pulses must be 
selected. A new sequence can have £ 
pressure PIPrPIP 6 . but have an elevated PEEP, either 
external or intrinsic. Similarly, inspiration time t, and 
expiration time U may be changed. 

A combination of the inspiration pulse sequences in 
FIGs 2 and 3 can also be utilized. The opening pres- 
sure should then first be determined with a sequence 
according to FIG. 2 and the lowest opening pressure, or 
closing pressure could then be determined by applying 
the sequence of FIG. 3. 

The procedures for determining the opening pres- 
sure, described in this application, have also been 
tested on pigs. The result of such an expenmerrt k 
shown in FIG. 4. The pig's lungs are frst depleted of 
surfactant by lung lavage, i.e. the lungs are nnsed^th 
a liquid. After the lavage, the lungs will respond as a 
patient having ARDS. On the horizontal line the expen- 
S time depicted, on the left vertical Ita .measured 
pressure (conesponding to applied PEEP and PIP) and 
ontoe right vertical line measured P a 0 2 . It should be 
noted that the diagram does not show .ndwidual 
breaths but the variation of certain parameters during 
Sre^eriment. The diagram wO. be described in three 
parts, reflecting the arrangement of toe expenment The 
Ltpart reflects events up to about 8 *° s * c . 

ond part between 8 and 15 minutes and the third part 
the remaining time. The times given here are for tois 
particular experiment and could vary in toe order of min- 
utes or hours in other experiments. 

A first curve 24 shows the PIP during the experi- 
ment In the first part the PIP increases ***™>*"* 
each PIP-level is upheld tor one co mmutes A sec- 
ond curve 26 shows the measured PEEP, which ateo 
Leases in toe first part, thereby basically '^•"9* e 
pSure difference PIP-PEEP constant The second 
Surve26 is smoother than toe first curve 24. This is due 
to the fact, that a combination of external and intrinsic 
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PEEP is utilized, in this case. Therefore, the measured 
PEEP does not increase in stages. A third curve shows 
measured P a 0 2 . For this experiment the threshold to be 
reached by the measured P a 0 2 was set at 500 mmHg. 
A steady increase in measured P a 0 2 can be seen until 
it finally, after about 8 minutes, reaches the threshold. 
The PIP has by this time been increased to 60 cmH 2 0 
and PEEP has been increased to almost 30 cmH 2 0. 
The PIP of 60 cmh^O is the opening pressure. 

The first curve 24, i.e. PIP, is then decreased in 
stages, as shown in the second part of the diagram. Fol- 
lowing LaPiace law. described above, a lower pressure 
is required to keep the lung open. In this second part of 
the experiment, the lowest pressure keeping the lungs 
open is sought. As indicated by the second curve 26, 
however, PEEP is not decreased as much, resulting in a 
decreasing pressure difference PIP-PEEP. For some 
time the measured P a 0 2 remains constant, as shown by 
the third curve 28. confirming that the lung is kept open 
even though the PIP is decreased. 

Eventually the decreasing PIP will be too low for 
keeping the lungs open and the measured P a 0 2 will 
drop drastically. The lowest opening pressure, or clos- 
ing pressure, can then be determined. In this case the 
lowest opening pressure is about 30 cmH 2 0. 

In the third part of the diagram, the lungs are 
opened up again by applying the same PIP and PEEP 
which opened up the lungs in the first part The meas- 
ured P a 0 2 increases rapidly up to 500 mmHg and the 
applied PIP and PEEP can then be set at the lowest 
opening pressure. This will keep the lungs open until 
they have improved. 

In FIG. 5, finally, a third embodiment of utilizing the 
arrangement of FIG. 1 is described. Basically, FIG. 5 
shows a pressure volume diagram similar to the one in 
the above described Swedish patent SE-C2-501 560. In 
this case with the further improvement of utilizing meas- 
ured P a 0 2 as the relevant factor in order to determine 
the opening pressure. In principle, the calculated open- 
ing pressure is a relevant opening pressure only if it can 
achieve a sufficient opening of the lung. i.e. achieve a 
measured P a 0 2 which exceeds the threshold. Since the 
pressure-volume curve is obtained by applying a 
defined constant flow, this flow could be varied in order 
to vary the increase in the pressure in order to obtain 
new curves, from which new opening pressures can be 
calculated. The first calculated opening pressure which 
can be correlated to a sufficient opening up on the lung 
is chosen as the relevant opening pressure, or the opti- 
mal opening pressure. By applying a flow ramp instead 
of a constant flow, a more predominant inflection point 
should be achievable. In the diagram a first curve 30A 
and a second curve 30B has been drawn in the P-V-dia- 
gram. The inflection points have been identified and the 
higher is chosen as opening pressure P 0 since it could 
be correlated to a sufficient opening of alveoli. Since 
flow is controlled and the necessary opening pressure 
is not reach until the end of the inspiratory period, it 
would be preferable to first determine an opening pres- 



sure and then apply this pressure in pressure control 
mode for several breaths. 

Other pressure or flow pulses can be delivered to 
the lungs in order to determine the opening pressure. 

5 The relevant concept of the present application is to 
determine the opening pressure based on the meas- 
ured P a 0 2 , and in particular correlate the opening pres- 
sure to a sufficient opening up of the lung, which 
correlates to a P a 0 2 which exceeds a predetermined 

w threshold. 

Claims 

1 . Arrangement for determining an opening pressure 
is for a lung system (4). comprising a regulating unit 
(2) for delivering at least one predetermined inspi- 
ration pulse (20A-20F; 22A-22C) to the lung system 
(4), characterized by a blood gas analyser (8), 
connected to a blood system (4) related to the lung 
20 system (4) for measuring the partial pressure of 
oxygen (PaO^, and a control unit (10), connected 
to the blood gas analyser (8) for determining the 
opening pressure based on the measured P a 0 2 . 

25 2. Arrangement according to claim 1, characterized 
in that the inspiration pulse has a predetermined 
peak pressure. 

3. Arrangement according to claim 2, characterized 
30 In that for every nrth inspiration pulse (20A-20F) the 

predetermined peak pressure is increased, n being 
an integer equal to or larger than 1 (one) and the 
control unit (10) determines the opening pressure 
as the last peak pressure at which the measured 
35 P a 0 2 exceeds a predetermined threshold. 

4. Arrangement according to claim 2, characterized 
In that for every nrth inspiration pulse (22A-22F) the 
predetermined peak pressure is decreased, n 

40 being an integer equal to or larger than 1 (one) and 
the control unit (10) determines the opening pres- 
sure as the last peak pressure at which the meas- 
ured P a 0 2 exceeds a predetermined threshold. 

45 5. Arrangement according to claim 2, characterized 
In that the predetermined peak pressure is 
increased at every nrth inspiration pulse (20A-20F) 
until the measured P a 0 2 exceeds a predetermined 
threshold, whereafter the predetermined peak 

so pressure is decreased at every nrth inspiration 
pulse (22A-22F) until the measured P a 0 2 falls 
below the predetermined threshold, n being an inte- 
ger equal to or larger than 1 (one) and the control 
unit (10) determines the opening pressure as the 

55 first peak pressure at which the measured P Q 0 2 
exceeded the predetermined threshold and a low- 
est opening pressure as the last peak pressure at 
which the measured P a 0 2 remained above the pre- 
determined threshold. 
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Arrangement according to claim 1. characterized 
in that predetermined inspiration pulse has a start 
flow and an end flow, a measuring unrt (14) is 
applied tor measuring at least one respiratory gas 
Parameter, the control unit (10) determines the 
opening pressure based on the measured parame- 
ters) and the measured P a 0 2 . 

Arrangement according to daim 6. characterized 
in that the measuring unit (14) composes a volume 
meter (18) for determining a respiratory gas volume 
supplied to the lung system and a pressure gauge 
(16) for determining the respiratory gas pressure in 
or near the lung system, the control unit determin- 
ing the opening pressure based on the measur* 
parameters volume and pressure and the meas- 
ured p a o 2 . 
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